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Abstract The Drake Passage Time-series (DPT) is used to quantify the spatial and seasonal variability
of historically undersampled, biogeochemically relevant properties across the Drake Passage. From
2004–2017, discrete ship-based observations of surface macronutrients (silicate, nitrate, and phosphate),
temperature, and salinity have been collected 5–8 times per year as part of the DPT program. Using the
DPT and Antarctic Circumpolar Current (ACC) front locations derived from concurrent expendable
bathythermograph data, the distinct physical and biogeochemical characteristics of ACC frontal zones are
characterized. Biogeochemical-Argo floats in the region confirm that the near-surface sampling scheme of
the DPT robustly captures mixed-layer biogeochemistry. While macronutrient concentrations consistently
increase toward the Antarctic continent, their meridional distribution, variability, and biogeochemical
gradients are unique across physical ACC fronts, suggesting a combination of physical and biological
processes controlling nutrient availability and nutrient front location. The Polar Front is associated with
the northern expression of the Silicate Front, marking the biogeographically relevant location between
silicate-poor and silicate-rich waters. South of the northern Silicate Front, the silicate-to-nitrate ratio
increases, with the sharpest gradient in silicate associated with the Southern ACC Front (i.e., the southern
expression of the Silicate Front). Nutrient cycling is an important control on variability in the surface ocean
partial pressure of carbon dioxide (pCO2). The robust characterization of the spatiotemporal variability of
nutrients presented here highlights the utility of biogeochemical time series for diagnosing and potentially
reducing biases in modeling Southern Ocean pCO2 variability, and by inference, air-sea CO2 flux.

Plain Language Summary Nutrients fuel phytoplankton communities that are important in
the marine food web and global carbon cycling. Understanding modern-day nutrient availability and its
physical and biological drivers is critical to accurately predict future climate with models. The Southern
Ocean helps regulate climate and is vulnerable to future change, but as one of the least sampled oceans,
physical and biogeochemical processes are still not fully understood. This study uses the 13-year Drake
Passage Time-series, the longest year-round biogeochemical time series in the Southern Ocean, to quantify
nutrient availability and variability on seasonal time scales. Across Drake Passage, temperatures decrease
and nutrients increase toward Antarctica, exhibiting sharp gradients at currents and creating conditions
favoring distinct phytoplankton groups. Nutrients are used by phytoplankton in summer and regenerated
and resupplied by mixing in winter; these processes draw surface ocean carbon down in summer and
increase carbon in winter. While nitrate is a necessary nutrient for all phytoplankton, silicate is only
required by a single major phytoplankton group. Simultaneous observations of both nutrients allows us to
better understand group-specific productivity and, ultimately, its impact on climate.

1. Introduction
As human-sourced atmospheric carbon dioxide (CO2) concentrations continue to rise, quantifying the
sources and sinks of CO2 and improving our mechanistic understanding of global carbon cycling is critical.
This is particularly important in the Southern Ocean which accounts for more than 40% of the total ocean
anthropogenic CO2 sink and∼75% of the oceanic uptake of anthropogenic heat (Frölicher et al., 2014). Since
the mid-twentieth century, this vast polar ocean has been rapidly warming and freshening, driven by increas-

RESEARCH ARTICLE
10.1029/2019JC015052

Key Points:
• The surface sampling scheme of

the Drake Passage Time-series
program robustly captures
mixed-layer biogeochemistry

• Surface silicate and nitrate vary
distinctly by frontal zone and season,
each driven by unique physical and
biological processes

• Observational constraints on the
seasonal cycling of nutrients serve as
a metric for validating and improving
biogeochemical models

Supporting Information:
• Supporting Information S1

Correspondence to:
N. M. Freeman,
n2freeman@ucsd.edu

Citation:
Freeman, N. M., Munro, D. R.,
Sprintall, J., Mazloff, M. R.,
Purkey, S. G., Rosso, I., et al. (2019).
The observed seasonal cycle of
macronutrients in Drake Passage:
Relationship to fronts and utility as a
model metric. Journal of Geophysical
Research: Oceans, 124, 4763–4783.
https://doi.org/10.1029/2019JC015052

Received 20 FEB 2019
Accepted 20 MAY 2019
Accepted article online 24 MAY 2019
Published online 10 JUL 2019

©2019. American Geophysical Union.
All Rights Reserved.

FREEMAN ET AL. 4763

http://publications.agu.org/journals/
https://orcid.org/0000-0002-4718-5650
https://orcid.org/0000-0002-1373-7402
https://orcid.org/0000-0002-7428-7580
https://orcid.org/0000-0002-1650-5850
https://orcid.org/0000-0002-1893-6224
https://orcid.org/0000-0002-6761-7297
https://orcid.org/0000-0002-4517-0797
http://dx.doi.org/10.1029/2019JC015052
http://dx.doi.org/10.1029/2019JC015052
https://doi.org/10.1029/2019JC015052
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2019JC015052&domain=pdf&date_stamp=2019-07-10


Journal of Geophysical Research: Oceans 10.1029/2019JC015052

Figure 1. Discrete sampling locations (open circles) of the Drake Passage Time-series (DPT) program from 2004–2017; ∼57% of sampling occurred along a
common transect line, indicated by arrows in (a). The Orsi et al. (1995) front positions (dark gray dashed contours) are indicated in (a) and (b): the Subantarctic
Front (SAF), Polar Front (PF), and Southern ACC Front (SACCF). In (a), DPT sampling locations are colored by expendable bathythermograph-defined frontal
zone at the time of crossing overlain on bathymetry (grayscale map; ETOPO1; Amante & Eakins, 2009): Subantarctic Zone (SAZ; pale green), Polar Frontal
Zone (PFZ; green), Antarctic Zone (AAZ; pale blue), and Southern Zone (SZ; blue); the Coastal Zone (CZ) is indicated in yellow and delineated by the local
2,000-m isobath (white contour). In (a), the 2004–2017 September mean sea ice extent (SIE) is indicated (purple dashed contour; Remote Sensing Systems,
2016). In (b), DPT sampling locations (brown open circles) are overlain on the 2004–2017 mean standardized sea surface height (SSH; color map) from
Archiving, Validation and Interpretation of Satellite Oceanographic; SSH zones are numbered and demarcated by lines of constant SSH (color contours),
marking the local bin bounds used in the analysis (see section 2.1.1; see Table S1).

ing greenhouse gases and depletion of ozone (Swart et al., 2018). Such large-scale changes have implications
for physical and biogeochemical processes at the local and basin scale, including biological productivity and
the air-sea flux of heat and carbon.

As the southern link of the global overturning circulation, the Southern Ocean plays a critical role in reg-
ulating climate through carbon and heat exchange (Rintoul et al., 2001). Here a surface-to-deep ocean
connection exists through upwelling pathways along strongly tilted isopycnals allowing for deep water mass
ventilation, transformation at the surface, and subduction of newly formed water masses (Rintoul, 2018).
Furthermore, the land opening of Drake Passage allows for interbasin exchange of water masses via the zon-
ally unbounded, eastward-flowing Antarctic Circumpolar Current (ACC). Physical and biological processes
and regional bathymetry in the Southern Ocean drive deep-reaching, persistent physical and chemical fronts
(Freeman et al., 2018; Palter et al., 2013; Sprintall, 2003) that divide the region into distinct physical and
biogeochemical zones (i.e., delineate water mass boundaries; Pollard et al., 2002). From north to south, the
historically defined physical ACC fronts and frontal zones are the Subantarctic Zone (SAZ), Subantarctic
Front (SAF), Polar Frontal Zone (PFZ), Antarctic Polar Front (PF), Antarctic Zone (AAZ), Southern ACC
Front (SACCF), and Southern Zone (SZ; which also includes the region sometimes referred to as the Seasonal
Ice Zone; Figure 1; Baker et al., 1977). Wind-driven upwelling ventilates Circumpolar Deep Water (CDW)
rich in nutrients and carbon south of the PF (Toggweiler & Samuels, 1995). These transformed waters feed
mode and intermediate waters that move northward under the subtropical gyres (e.g., Subantarctic Mode
Water and Antarctic Intermediate Water; Deacon, 1933, 1937). These upwelling processes control nutrient
supply and impact phytoplankton communities throughout the global oceans that are critical for marine
food web dynamics and the efficiency of the biological pump (Matsumoto et al., 2002; Moore et al., 2018;
Sarmiento et al., 2004).

The resulting property distributions and gradients at physical ACC fronts imprint on the biogeography of
Drake Passage, with diatoms largely dominating the silicate-rich waters south of the Silicate Front (SF; the

FREEMAN ET AL. 4764



Journal of Geophysical Research: Oceans 10.1029/2019JC015052

sharp silicate gradient at the PF) and coccolithophores and other small phytoplankton groups more abun-
dant north of the SF (Balch et al., 2016; Nissen et al., 2018; Trull et al., 2018). The ratio of calcifiers and
silicifiers has implications for global phytoplankton biomass, annual net primary production, organic car-
bon export as ballast, and air-sea CO2 exchange through photosynthesis and calcification. Previous studies
show that coccolithophores have shifted poleward in recent decades (e.g., Winter et al., 2013) and that
the SF is predicted to shift poleward in the future, driven by large-scale reductions in macronutrients
(Freeman et al., 2018; Moore et al., 2018). Our ability to predict how phytoplankton communities will
respond to future climate change hinges on our understanding of modern-day biogeography and its rep-
resentation in biogeochemical models. While a better understanding of the spatial structure and temporal
variability of the ACC has been the priority of recent observational and modeling studies (e.g., Donohue
et al., 2016; Freeman et al., 2016, 2018; Graham et al., 2012; Gille, 2014; Sallée et al., 2008; Sokolov & Rintoul,
2009), the biogeochemistry of the ACC is still poorly understood. The historical lack of repeat year-round
coordinated measurements of hydrographic and biogeochemical properties, particularly in austral winter
when ship-based sampling conditions are poor, translates to poor representation of these important seasonal
processes in current state-of-the-art biogeochemical models.

Our current understanding of the drivers of CO2 flux in the Southern Ocean is limited to a few
observation-based studies which are heavily weighted toward the Drake Passage Time-series (DPT; Gregor
et al., 2018; Fay et al., 2018; Landschützer et al., 2015; Munro, Lovenduski, Takahashi, et al., 2015). The
variability in the strength of the Southern Ocean carbon sink on seasonal time scales is largely driven by com-
pensatory variations in temperature, biology, and vertical exchange with the enriched deep waters, which in
turn, drive variability on interannual time scales (Gregor et al., 2018; Takahashi et al., 1993). The DPT is the
only multiyear, year-round ship-based biogeochemical sampling program in the Southern Ocean and, in par-
ticular, the ACC. Since 2002, the DPT's coordinated effort to measure both hydrographic and biogeochemical
properties has provided sufficient data to resolve the annual cycle of the carbonate system. However, current
state-of-the-art biogeochemical models, including those used in the Fifth Coupled Model Intercomparison
Project (CMIP5), do not adequately resolve the annual cycle of surface ocean partial pressure of CO2 (pCO2)
and, thus, CO2 flux (Gruber et al., 2019; Lenton et al., 2013; Jiang et al., 2014; Mongwe et al., 2016, 2018;
Rödenbeck et al., 2015). Many Earth System Models struggle with the temperature-dependent component
of pCO2 variability that is too large, failing to strike the appropriate balance between wintertime mixing and
summertime biological processes (Mongwe et al., 2018). While previous studies have used direct compar-
isons of observed and modeled pCO2 to diagnose and/or tune model biases (e.g., Jiang et al., 2014; Mongwe
et al., 2018), less attention has been paid to robustly resolving the seasonal cycles of nutrients (e.g., nitrate) as
a first-order validation. Nutrient variability signifies a portion of the nontemperature-dependent component
of pCO2 variability, as a limiting factor in the biological pump (Munro, Lovenduski, Stephens, et al., 2015).
Therefore, the realistic representation of nutrient cycling in models is vital to understanding and robustly
modeling pCO2 flux.

In this study, we utilize the DPT to provide a first estimate of the spatial and seasonal variability of sili-
cate, nitrate, and phosphate concentration, temperature, and salinity across the ACC in Drake Passage from
2004–2017. We examine the observed physical and biogeochemical variability of ACC frontal zones on sea-
sonal time scales, with front locations defined by temperature criterion using high-resolution expendable
bathythermograph (XBT) data (section 3.1). We quantify the mean property distributions across Drake Pas-
sage and identify the locations of the biogeochemical fronts of silicate and nitrate that are important for
supporting local phytoplankton communities and influencing their biogeography (section 3.2). We further
employ ship- and float-based measurements to connect the biogeochemical variability observed at the sur-
face with the mixed layer and confirm that the DPT robustly represents the surface mixed layer (section
3.3). Finally, we use output from a data assimilating model to demonstrate the utility of the DPT in diagnos-
ing and potentially reducing model biases in Southern Ocean carbon cycling (section 3.4). We discuss these
results and the modeling exercise in section 4.

2. Data and Methods
2.1. The DPT
The repeat DPT program is the longest year-round time series of coordinated in situ sampling across ACC
latitudes in the Southern Ocean. Discrete surface (<4 m) samples have been collected on five to eight tran-
sects annually across the Drake Passage from the Antarctic Research Supply Vessel Laurence M. Gould's
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Figure 2. Number of discrete observations of silicate, nitrate, phosphate, temperature, and salinity collected as part of
the Drake Passage Time-series program between 2004 and 2017 (after quality control). Bars are colored and labeled
(percentage values) to indicate the proportion of samples collected in a given season: December-January-February
(DJF; austral summer), March-April-May (MAM; austral autumn), June-July-August (JJA; austral winter), or
September-October-November (SON; austral spring).

(LMG) underway system. DPT samples are taken at ∼50-km spacing (equating to ∼15 locations) across the
∼700-km opening of Drake Passage between South America and the Antarctic Peninsula. In this study we
analyze DPT measurements of silicate, nitrate, and phosphate concentration and temperature and salinity
spanning November 2004 to September 2017 (75 total crossings; Figure 1).

The historical paucity of Southern Ocean observations is most pronounced in wintertime, when poor
weather conditions often preclude ship-based collection. However, the DPT is unique, boasting year-round
biogeochemical sampling, where austral winter observations make up more than 16% of our 2004–2017 data
set (Figure 2). During this time period, austral summer (DJF) and spring (SON) have been sampled every
year, autumn (MAM) was not sampled in 2011, and winter (JJA) was not observed in the years 2004, 2007,
2010, and 2012–2013.

Since December 2014, discrete samples for macronutrients have been collected in 30-ml polypropylene bot-
tles, frozen and shipped on dry ice (−80 ◦C), and analyzed by the Ocean Data Facility at Scripps Institution
of Oceanography. Prior to December 2014, samples were analyzed by the Chesapeake Biological Labora-
tory. Analytical precision based on the mean standard deviation of replicate pairs (n = 13) is 0.9, 0.5, and
0.02 mmol/m3 for silicate, nitrate, and phosphate, respectively. A two-step quality control process is uti-
lized for nutrient observations. First, nitrate outliers are removed based on deviation from expected nutrient
ratios. This step accounts for higher variability in nitrate during the period preceding December 2014. Sec-
ond, through an iterative computation, any DPT samples that fall outside six, then five, and ultimately four
standard deviations of the mean data distribution within each frontal zone (see section 2.2) are removed
prior to analysis. Any difference in the number of total measurements between sampled variables shown
in Figure 2 is the result of this two-step quality control process. Details on DPT pCO2 measurements are
described elsewhere (Munro, Lovenduski, Stephens, et al., 2015; Munro, Lovenduski, Takahashi, et al.,
2015).
2.1.1. DPT Data Gridding
While ∼58% of the DPT ship crossings fall along a common line between South America and the Antarctic
Peninsula (indicated by arrows in Figure 1a), the remaining crossings are spatially heterogeneous, with sam-
ples collected in different locations from year to year, particularly in southern Drake Passage. To minimize
spatial aliasing, we bin the data onto a common grid in two independent ways: by frontal zone (Figure 1a)
and by sea surface height (SSH; Figure 1b). Alternate binning schemes were tested with no significant
impacts on the results (not shown).
2.1.2. Frontal Zone Binning Scheme
In order to quantify the mean spatial and seasonal variability of the physical and biogeochemical zones
across Drake Passage, we bin each discrete sample by month and XBT-defined frontal zone (section 2.2),
resulting in 4 monthly time series from 2004–2017 (color circles in Figure 1a). We define a fifth zone,
the Coastal Zone (CZ; yellow circles in Figure 1a), which encompasses DPT samples collected in waters
shallower than 2,000 m off the coast of South America (white contour in Figure 1a).
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2.1.3. SSH Zone Binning Scheme
To identify the location of nutrient fronts, marked by a sharp meridional gradient in concentration, we bin
each discrete sample based on the local reference mean SSH (averaged over months consistent with the
DPT, November 2004 to September 2017). This second, independent binning scheme is designed to retain
most of the original sampling resolution of each crossing (∼50 km) while taking into account the mean-
dering flow of the ACC. We use the 1/4◦ gridded monthly mean Absolute Dynamic Topography product
from AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic), which is derived from
multiple altimeters and distributed by the Copernicus Marine and Environment Monitoring Service.

To account for basin-scale mass and heat variability, we first remove the monthly spatial mean (53–66◦

S, 284–307◦ E) offset from the monthly SSH time series; the temporal average of this November 2004 to
September 2017 standardized SSH time series is shown in Figure 1b. We colocate this average SSH with each
discrete sampling location, creating a SSH data set on the DPT grid. To determine the bin bounds of each
SSH zone (color contours in Figure 1b and supporting information Table S1), we quantify the mean DPT
SSH at equal 0.5◦ spacing southward across Drake Passage, starting from the northernmost DPT sampling
location (54.8◦ S). Each DPT sample is then binned by SSH, according to these bin bounds. The SSH zones
used in this study are shown in Figure 1b, and their detailed specifications are listed in Table S1.

SSH (and the magnitude of its variability) decreases toward the Antarctic continent (Sprintall, 2003), with
the southern Drake Passage south of the PF characterized by relatively weak surface flows (i.e., weaker SSH
gradients). Therefore, north-south spacing of SSH bins is not linear, with increasingly higher bin spacing
resolution found in the southern portion of the DPT sampling grid (Figure 1 and Table S1). When comparing
results from our SSH binning scheme to those from previously used methodologies (e.g., the 30◦ rotation
method used in Munro, Lovenduski, Takahashi, et al., 2015), our method has the ability to average along the
meridional meanders characteristic of ACC flow and therefore reduces averaging properties across distinct
water masses. We also find little difference between using a reference time-averaged SSH (this study) and
a time-dependent SSH field (e.g., monthly SSH). Since the SSH bin bounds are found locally, this binning
method can be applied to any data set.

2.2. XBT-Defined ACC Fronts
We use temperature data from XBTs to identify the latitude of the three major ACC fronts along each
DPT transect. Since 1996, XBTs have been launched from the LMG as part of the Scripps High-resolution
XBT Program (HRX line AX22; Sprintall, 2003). To resolve temperature variations across fronts and other
mesoscale features of the ACC, these Sippican Deep Blue probes are dropped at≤15-km spacing and provide
the finer-scale temperature structure of the upper ∼800 m of Drake Passage. As part of the HRX program,
XBT data undergo a quality control process that includes a correction for errors in fall rates by applying the
Hanawa et al. (1995) equation.

We use HRX XBT profiles averaged at 10-m vertical resolution to identify ACC front locations using the
following definitions (as in Sprintall, 2003):

1. SAF: at 300 m, the maximum temperature gradient found between 3 and 5 ◦C (after Sievers & Emery, 1978);
2. PF: at 200 m, the northern extent of the 2 ◦C isotherm (after Joyce et al., 1978; Orsi et al., 1995); and
3. SACCF: between 200 and 500 m, the southernmost extent of the 1.8 ◦C isotherm along the maximum

temperature gradient.

Front latitudes are gridded in time to create a monthly time series over the DPT period. Open-ocean frontal
zones are defined as the waters found between persistent physical ACC fronts. The temperature-defined
location of the SACCF is not as reliable as a velocity-defined SACCF (Lenn et al., 2007); hence, the SZ south
of the SACCF is less well defined than the other ACC frontal zones.

2.3. Repeat Hydrography: SR01
To connect the surface properties observed by the DPT to the upper water column, we show two seasonal
snapshots of the upper 500 m across Drake Passage. As part of the DPT project, the LMG was also used
for two high-quality, hydrographic occupations of the World Ocean Circulation Experiment (WOCE) SR01
line in March 2006 (WOCE ID 33LG2006; Sweeney et al., 2012) and again in September 2009 (WOCE ID
33LG2009) to characterize differences between austral late summer-early autumn and late winter-early
spring. Full-depth vertical profiles of silicate, nitrate, temperature, and salinity were collected at stations
spaced at ∼30–60 km. We select these two complete SR01 lines, traversing 56–61◦ S along the most repeated
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line of the DPT program (indicated by arrows in Figure 1a). Only SR01 data with good quality (WOCE)
flags were included in the analysis. Additionally, data from one duplicate station (at 59.5◦ S and 63.4◦ W)
occupied during 33LG2006 were removed prior to analysis. Temperature (◦C; ITS–90) and salinity (practi-
cal salinity [psu]) profiles are used to calculate potential temperature (◦C; Bryden, 1973; Fofonoff & Millard,
1983). Data cross sections are constructed by regularly gridding the data in depth (1 dbar in pressure) and
latitude (0.1◦ latitude).

2.4. Biogeochemical Profiling Floats
Additionally, we utilize data from Biogeochemical-Argo (BGC-Argo) floats that have passed through the
region to evaluate how well the DPT surface sampling scheme represents the surface mixed layer. The South-
ern Ocean Carbon and Climate Observations and Modeling project deploy BGC-Argo floats equipped with
conductivity-temperature-depth, pH, nitrate, oxygen, and optical sensors throughout the Southern Ocean.
The floats vertically profile the upper 2,000 m every 10 days. Between December 2015 and June 2018, seven
BGC-Argo floats traversing Drake Passage provided 126 total vertical profiles of nitrate, temperature, and
salinity between the surface and 2,000 m; three floats provided 28 profiles north of the Orsi et al. (1995) PF;
and four floats provided 98 profiles south of the PF (Figure 3a and Table S2).

Potential temperature (◦C) is calculated prior to analysis; salinity is reported on the practical salinity scale.
BGC-Argo float vertical profiles are linearly interpolated onto a common vertical grid with 1-m resolu-
tion, preserving the fine vertical structure in the upper water column. In this study, we only include floats
with profiles within a domain encompassing the DPT sampling grid (opaque colored circles in Figure 3a):
288–304◦ E and 53–66◦ S. The mixed layer depth (MLD) of each profile is calculated using a 0.03 kg/m3

density threshold (de Boyer Montégut et al., 2004). For each profile, we compute Pearson's correlation coeffi-
cients (r) for each measured value at depth relative to the average surface value, defined as the vertical mean
of the top 8 m (Figures 3b–3d). In order to compute 95% confidence intervals for r, we use Fisher's r-z trans-
formation. Here r values are converted to a normally distributed z, according to z = 0.5 × ln[(1 + r)∕(1 − r)],
with standard error se = 1∕

√
n − 3, where n is the number of profiles. The upper and lower limits of the

confidence intervals are then computed as [exp(2 × (z ± Z95 × se) − 1)]∕[exp(2 × (z ± Z95 × se) + 1)], where
Z95 is 1.96.

2.5. Model Output: B-SOSE
In section 4.2, we demonstrate the utility of long-term, multiyear biogeochemical data sets like the DPT
for biogeochemical model evaluation, in particular, using seasonal nutrient variability as an important
tool in diagnosing model biases in surface ocean pCO2. The Biogeochemical Southern Ocean State Esti-
mate (B-SOSE; Verdy & Mazloff, 2017) is a novel resource that combines observations with a general
circulation ocean model to resolve and realistically represent the physical and biogeochemical state of
the Southern Ocean. B-SOSE synthesizes all available Southern Ocean observing systems, assimilating
in situ conductivity-temperature-depth profiles (including instrumented seals), XBT sections, Argo floats,
BGC-Argo floats, satellite remote sensing, the Global Ocean Data Analysis Project (GLODAP version 2), and
the Surface Ocean CO2 Atlas (SOCAT version 4) data; see Verdy and Mazloff (2017) for assimilated data set
references.

The ocean biogeochemical and physical state is simulated using the MIT general circulation model
(MITgcm; Marshall et al., 1997) at 1/3◦ resolution poleward of 30◦ S, with decreasing resolution toward the
equator. Vertically, B-SOSE is on a z coordinate grid with 52 vertical layers, with an approximate 4-m layer
thickness in the surface ocean. The biogeochemical state is simulated using a modified Biogeochemistry
with Light, Iron, Nutrient, and Gases model (BLING; Galbraith et al., 2010; Verdy & Mazloff, 2017) which
includes eight prognostic tracers (alkalinity, dissolved inorganic carbon [DIC], inorganic and organic nitro-
gen and phosphorus, iron, and oxygen) and three phytoplankton groups (small, large, and diazotrophs).
Biological activity is influenced by light, nitrate, phosphate, iron availability, and temperature and influ-
ences carbon and oxygen concentrations. Atmospheric pCO2 is prescribed using CarbonTracker data (Peters
et al., 2007), seawater pCO2 is derived as a function of carbonate chemistry (Follows et al., 2006; Williams &
Follows, 2011), and CO2 flux across the air-sea interface is parameterized according to Wanninkhof (1992).

B-SOSE involves a 3-year spin up from climatologies and is then optimized according to the adjoint method,
where the mismatch between the observed and simulated system is minimized (by minimizing the weighted
least squares sum of the data-model misfits). Misfit reduction is achieved by adjusting the prescribed atmo-
spheric state, which comes from the European Centre for Medium-Range Weather Forecasts ERA-interim
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Figure 3. (a) Map of Biogeochemical-Argo float profile locations in the Drake Passage (colored circles; stars indicate
deployment location; see sampling dates in Table S2). Opaque circles highlight the profiles located within the analysis
domain used in (b)–(g): 288–304◦ E and 53–66◦ S. The Orsi et al. (1995) Polar Front (PF; gray contour) is overlain on
ocean bottom depth (grayscale map; ETOPO1; Amante & Eakins, 2009). Floats are organized relative to the PF: three
floats north of the PF (IDs 9750, 12575, and 12573; green hues) and four floats south of the PF (IDs 0567, 0569, 12545,
and 12543; blue hues). Summer-autumn (DJFMAM; solid lines) and winter-spring (JJASON; dashed lines) average (b)
temperature, (c) salinity, and (d) nitrate in the upper ∼500 m north (green) and south (blue) of the PF; shading
indicates ± one standard deviation. Correlation coefficients (r) computed for float-estimated (e) temperature, (f)
salinity, and (g) nitrate concentration at depth with the surface (0–8 m) value north (green) and south (blue) of the PF
(r = 1.0 indicating perfect correlation); shading indicates the 95% confidence interval.
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reanalysis (Dee et al., 2011). Initial conditions are also adjusted in the optimization to better fit the data. As
such, utilizing a data-assimilating model like B-SOSE has advantages over a purely forward model and can
even be useful for validating the large-scale processes simulated in forward models (Russell et al., 2018). For
additional information on the model configuration of the 2008–2012 solution and its extensive validation,
the reader is encouraged to see Verdy and Mazloff (2017).

2.6. pCO2 Decomposition
To diagnose any B-SOSE pCO2 biases, we compare the seasonal cycles of underway pCO2 (μatm), temper-
ature, and salinity and discrete nitrate concentration from DPT observations to those estimated by B-SOSE
(2008–2012; Munro, Lovenduski, Stephens, et al., 2015; Verdy & Mazloff, 2017). To avoid spatial aliasing and
to match the B-SOSE time period, B-SOSE is subsampled along the main DPT line (indicated by arrows in
Figure 1a) only for months when a DPT sample was collected. To highlight the observed north-south gradi-
ent across Drake Passage, we further divide this comparison into two regions, by averaging north and south
of the mean XBT-defined PF along the DPT main line (58.5◦ S).

To parse the drivers of total pCO2 variability on seasonal time scales, we perform a pCO2 decomposition
on DPT and B-SOSE pCO2. We quantify the thermal (pCO2(T)) and nonthermal (pCO2(nonT)) components of
the observed and B-SOSE total pCO2 concentration according to the empirical equations of Takahashi et al.
(2002):

pCO2(T) ∶ pCO2 at Tobs = pCO2,mean × exp[0.0423(Tobs − Tmean)], (1)

pCO2(nonT) ∶ pCO2 at Tmean = pCO2,obs × exp[0.0423(Tmean − Tobs)], (2)

where T is the temperature in degrees Celsisus and obs and mean subscripts denote the observed and tem-
poral average values at each DPT/B-SOSE grid box. The thermal component approximates the pCO2 values
that would be expected from seawater temperature changes alone, whereas the nonthermal component is
the proportion of pCO2 that is driven by processes affecting the total seawater CO2 such as biology and
transport.

2.7. Additional Data Sets
We use MLD calculated from HRX XBT data (section 2.2) using a near-surface 0.2 ◦C threshold (Stephenson
et al., 2012) to provide additional insight into the upper ocean of each frontal zone. MLD is corrected for
known biases (Stephenson et al., 2012) and gridded by month and latitude to match the DPT.

Regional bathymetry, wind forcing, and freshwater forcing are important drivers of ACC dynamics. For
bathymetry, we use the ETOPO1 data set, a global digital elevation model produced by the National Oceanic
and Atmospheric Administration that includes ocean bathymetry and land topography data on a 1 arc min
(1/60◦) grid (Amante & Eakins, 2009). For wind, we use 1◦ merged microwave radiometer monthly wind
speed (representing speeds at 10-m height) processed by Remote Sensing Systems (2016) and derived from
the following satellite radiometers: Special Sensor Microwave Imager (F08 through F15), Special Sensor
Microwave Imager Sounder (F16 and F17), WindSat Polarimetric Radiometer, and Advanced Microwave
Scanning Radiometer (version 2; see Acknowledgments for data access and processing information). Sea
ice concentration (1/4◦; 2005–2017) is from Nimbus-7 Scanning Multi-channel Microwave Radiometer and
DMSP Special Sensor Microwave/Imager-Special Sensor Microwave Imager/Sounder Passive Microwave
Data (Cavalieri et al., 1996); sea ice extent is defined as the latitude of 15% sea ice concentration.

2.8. Statistical Analyses
We report median and percentile values to show any skewness in the DPT data within each frontal zone;
percentiles (also referred to as quartiles) are calculated according to Langford (2006). Confidence intervals
at the 95% level are calculated using a Z distribution for large samples sizes (n ≥ 30; Z = 1.96) and a t
distribution for small sample sizes (n < 30, with n − 1 degrees of freedom). Seasonal amplitude values are
computed by finding the extreme values (maximum or minimum) of each season and subtracting the warm
season (DJFMAM months) from the cold season (JJASON months); in some instances, where monthly data
are sparse, these extreme values are determined from the maximum or minimum 3-month average (section
3.1.2).
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Table 1
Stateaof Major Frontal Zones in Drake Passage (2004–2017)

CZ SAZ PFZ AAZ SZ
Biogeochemical

Silicate (μmol/kg) 2.2 (1.4–3.1) 4.6 (3.0–6.5) 6.7 (4.1–9.8) 21.6 (16.0–29.6) 40.5 (27.4–52.3)
Nitrate (μmol/kg) 11.9 (8.5–14.0) 20.6 (19.0–21.4) 22.8 (21.5–24.2) 25.7 (24.7–26.8) 26.3 (23.9–27.8)
Phosphate (μmol/kg) 1.0 (0.8–1.1) 1.5 (1.4–1.5) 1.6 (1.5–1.7) 1.7 (1.7–1.8) 1.8 (1.7–2.0)

Physical
Temperature (◦C) 7.6 (6.5–8.5) 5.6 (5.0–6.0) 4.5 (3.8–5.3) 0.7 (−0.7–1.9) −0.5 (−1.3–1.0)
Salinity (psu) 32.9 (32.6–33.2) 34.1 (34.0–34.1) 34.0 (34.0–34.1) 33.8 (33.7–33.9) 33.9 (33.8–34.0)
MLDb(m) 48.0 (29.4–87.5) 141.4 (87.1–225.8) 82.7 (44.6–144.4) 70.7 (48.3–99.4) 75.0 (58.3–96.4)

Note. MLD = mixed layer depth; CZ = Coastal Zone; SAZ = Subantarctic Zone; PFZ = Polar Frontal Zone;
AAZ = Antarctic Zone; SZ = Southern Zone.
aMedian value (Q1–Q3); rounded to the nearest tenth. b2004–2011 values (Stephenson et al., 2012).

3. Results
In this study, we aim to better understand the time-varying physical and biogeochemical fronts and zones
across the ACC using macronutrient, temperature, and salinity data from the DPT. From 2004–2017,
DPT silicate, nitrate, and phosphate surface concentrations range from 0.098–110.2, 0.51–33.1, and
0.23–2.3 μmol/kg, respectively. Surface temperature and salinity range from −1.8–9.6 ◦C and 32.09–34.18
psu, respectively. Concurrently, the monthly mean locations of the physical ACC fronts along the DPT main
line span the following latitudes: the SAF between 55.2◦ and 57.8 ◦S, the PF between 56.5◦ and 60.0 ◦S, and
the SACCF between 58.3◦ and 64.6 ◦S.

In section 3.1, we characterize the surface signature of the four major frontal zones, demarcated by the three
XBT-defined ACC fronts. In this framework, we describe the average surface property distributions of each
frontal zone and how these properties vary on seasonal time scales, driven by unique biological and physical
influences locally. At the boundaries of these frontal zones are sharp gradients in nutrients important for
local phytoplankton communities. In section 3.2, we find multiple surface expressions of the Nitrate Front
(NF) and SF and highlight the decoupling of these two nutrients poleward of the PF. In section 3.3, we
employ subsurface in situ data to gauge how representative the DPT sampling scheme is of the surface mixed
layer and find it to be robust. In section 3.4, we follow our DPT results with a targeted analysis aimed at the
biogeochemical modeling community, which demonstrates the utility of year-round biogeochemical time
series such as the DPT in model development.

3.1. Biogeochemical Zonation of the Drake Passage
3.1.1. Background State
In general, surface macronutrients increase from north to south across Drake Passage (Table 1), consistent
with previous Southern Ocean studies (e.g., Broecker & Peng, 1982; Paparazzo et al., 2016; Rubin, 2003;
Williams et al., 2018). Northern Drake Passage, within the SAZ and PFZ, is relatively warm and salty with
deep mixed layers. Median silicate concentration is at near-limiting levels for the local diatom population
(Nelson et al., 2001), at 4.6 and 6.7 μmol/kg, respectively. Median nitrate concentration in the SAZ and
PFZ is 20.6 and 22.8 μmol/kg, respectively. Median phosphate concentration in the SAZ and PFZ is 1.5 and
1.6 μmol/kg, respectively, reflecting a median N:P stoichiome∖uline{}tric relationship less than the classical
Redfield ratio of 16:1 (13.9:1 and 14.3:1, respectively; Figure S1; Redfield, 1934).

In contrast, surface waters in southern Drake Passage are more than 4◦ colder, richer in macronutrients,
and characterized by shallower mixed layers. Here silicate concentrations are significantly higher than in
the northern zones, with median values of 21.6 and 40.5 μmol/kg in the AAZ and SZ, respectively. Nitrate
and phosphate concentrations are also higher south of the PF, with median values of 25.7 and 1.7 μmol/kg
in the AAZ and 26.3 and 1.8 μmol/kg in the SZ, respectively, and retain their stoichiometric relationship
slightly below Redfield (at 14.6:1 and 14.4:1, respectively; Figure S1). The silicate-to-nitrate ratio increases
across the PF and SACCF, from 0.31:1 in the PFZ to 0.90:1 in the AAZ and reaching an average 1.55:1 in
the SZ (Figure S1), suggesting the presence of iron-limited diatoms (Rubin, 2003; Takeda, 1998). Note that
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Figure 4. From 2004–2017, 3-month mean (squares; centered on month indicated) and 95% confidence interval
(whiskers) of Drake Passage Time-series (a) silicate, (b) nitrate, and (c) phosphate concentration, (d) temperature and
(e) salinity, and (g) mixed layer depth (2004–2011 only; Stephenson et al., 2012), colored by frontal zone: Subantarctic
Zone (SAZ; light green), Polar Frontal Zone (PFZ; dark green), Antarctic Zone (AAZ; light blue), and Southern Zone
(SZ; dark blue). Note that the x axes are ordered from August to July. Due to few observations in some months (e.g, July
in the SZ), we quantify these metrics over 3-month periods and display these quantities on the center month (e.g., D
indicates the November-December-January 3-month average). To compute the seasonal amplitude (text, colored by
zone), we subtract the extreme 3-month mean value of the warm season (DJFMAM) from that of the cold season
(JJASON). Seasonal cycles for the Coastal Zone are not shown and, due to large variability, SAZ mixed layer depth data
are not shown in (f).

these observed nutrient ratios vary both spatially and temporally as a function of phytoplankton group and
process, encompassing seasonal production, regeneration, export, and physical mixing processes.

Given the anomalously warm, fresh, and nutrient-poor surface waters observed in the first few DPT sam-
pling locations off South America, we delineate the CZ from the open ocean frontal zones by the 2,000-m
isobath. Indeed, while 2004–2017 DPT salinities range between 32.1 and 34.2 psu, the lower value is rep-
resentative of the fresh waters of the CZ (median salinity value of 32.9 psu; Table 1). In this frontal zone
framework, the SAZ and PFZ in the north are relatively saltier than southern Drake Passage, as low as 33.8
psu in the AAZ and as high as 34.1 psu in the SAZ (Table 1).

3.1.2. Seasonal Variability
3.1.3. Physical
The temporal and spatial variability of the locations of physical ACC fronts is evident in Figure 1a, as the
XBT-defined time-varying frontal zones do not consistently fall between the Orsi et al. (1995) fronts as seen
by comparing time-varying colors to static dashed front contours. Indeed, the locations of the SAF, PF, and
SACCF, and the surface area of their associated frontal zones, vary month-to-month (not shown), dominated
by interannual changes rather than seasonal drivers (Freeman et al., 2016; Sprintall, 2003). Between 2004
and 2017, the median location (interquartile range) of the SAF, PF, and SACCF along the DPT main line is
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55.8◦ (55.6–56.3◦) S, 58.4◦ (58.2–58.9◦) S, and 62.1◦ (61.3–62.4◦) S, respectively, with the SACCF exhibiting
the largest N-S variability.

Despite the lack of seasonality in XBT-defined ACC front locations, we find that the physical and bio-
geochemical surface water mass characteristics of each time-varying frontal zone exhibit a clear and
distinct seasonal cycle (Figure 4). In the Drake Passage, surface temperatures decrease poleward year-round
(Figure 4d). Frontal zones are warmest in late summer-early autumn and coldest in late winter-early spring.
Temperatures reach a maximum average temperature in the SAZ in March (7.0 ◦C observed in March 2013)
and a minimum average temperature in the SZ in August (−1.8 ◦C observed in August 2011). Across Drake
Passage, MLDs shoal in summer and deepen through winter, with a smaller seasonal amplitude observed
south of the PF (Figure 4f). Here surface waters are colder (Figure 4d) and fresher (Figure 4e) year-round.
The seasonal amplitudes of temperature and salinity increase poleward. For example, the seasonal temper-
ature amplitude increases from −1.4 ◦C in the SAZ to −3.2 ◦C in the SZ (Figure 4e). This is in contrast to
the circumpolar BGC-Argo study of Williams et al. (2018) that finds the seasonal amplitude of temperature
to decrease poleward. Whether this is driven by methodological, sampling differences, or the uniqueness of
the Drake Passage is unknown.

In southern Drake Passage, seasonal variability in salinity largely reflects local sea ice dynamics (Figure 4e;
see section 4; Ducklow et al., 2013; Vernet et al., 2008). Frontal zones tend to be saltiest in winter and spring,
when sea ice is present, and freshest in summer and autumn, when sea (and glacial) ice is melting. The
AAZ is the freshest frontal zone year-round, while the SAZ becomes the saltiest during the warm season.
Notably, the magnitude of the November-March change in salinity increases poleward, with the most pro-
nounced freshening occurring over December-February in the SZ. The SZ is saltier than the AAZ to its north
on annual (Table 1) and seasonal time scales, with largest differences in AAZ-SZ salinity in summer and
autumn when temperatures are warmest and sea ice is in retreat.

3.1.4. Biogeochemical
Nutrient variability largely reflects seasonal variations in biology (photosynthesis and remineralization) and
circulation (vertical mixing). Surface silicate, nitrate, and phosphate concentrations are lowest during the
phytoplankton growing season (summer-autumn) due to biological utilization and highest in winter-spring,
driven by a combination of upwelling and remineralization (Figures 4a–4c). While these general charac-
teristics hold across nutrients, the seasonal cycles of these macronutrients differ in amplitude, timing, and
by zone, suggesting distinct local phytoplankton dynamics and physical circulation (Rubin, 2003). We do
not find seasonal nutrient variability to be dominated by variations in salinity (via dilution or concentration
effects; Friis et al., 2003) and discuss other possible drivers in section 4.

As with temperature and salinity, seasonal silicate variability increases poleward, likely reflecting the pres-
ence of diatoms at these higher latitudes, with largest seasonal amplitude in the SZ (18.8 μmol/kg; Figure 4a).
However, we find an apparent bimodal seasonal cycle in SZ silicate to be curious (drawdown in summer
and winter; Figure 4a), suggesting a secondary removal mechanism in winter. In this instance, we speculate
that this bimodal signature is likely the result of a combination of sampling bias and gridding scheme: Few
winter SZ silicate observations (e.g., two total in July 2016 and 2017) combined with large SZ surface area
variability suggest lower silicate concentrations more typical of the AAZ. As no other observational network
is consistently sampling for silicate at these latitudes in winter, we cannot yet validate this bimodal nature
until more DPT winter silicate observations are collected.

On annual time scales, we find that mean surface nitrate and phosphate concentration increases poleward
(section 3.1.1 and Table 1), with the largest drawdown observed in the SZ. However, on seasonal time scales,
this poleward increase does not hold for nitrate in all months (Figure 4b). Indeed, nitrate concentration in
the SZ exceeds the AAZ in winter and spring, but in summer months, nitrate drawdown drives SZ concen-
trations significantly lower than the AAZ. This observed seasonal change in nitrate distribution south of the
PF is found to be independent of seasonal changes in phosphate. We also find that the timing of maximum
silicate drawdown in the SZ differs from that of nitrate, occurring later in the season (January-March com-
pared to November-February). Given the diverse nutrient requirements across phytoplankton groups, such
seasonal differences in nutrient availability likely suggest differences in local phytoplankton community
composition.
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Figure 5. (colored diamonds) Mean (a) silicate (black) and nitrate (blue) concentration, (b) temperature (green), and salinity (purple) by sea surface height
(SSH) zone across Drake Passage (2004–2017; whiskers denote the standard error of the mean). Here Drake Passage Time-series (DPT) data are gridded
according to the SSH zone binning scheme outlined in section 2.1.1 (Figure 1b and Table S1). (c) Mean latitudes of DPT samples within each SSH zone (black
diamonds); the mean latitude (gray squares; whiskers and shading are standard error) of the expendable bathythermograph-defined fronts are marked along the
top x axis (observed along the DPT main line only; 2004–2017): from north to south, the Subantarctic Front (SAF), Polar Front (PF), and Southern Antarctic
Circumpolar Current Front (SACCF). For example, SSH zone 1 is the northernmost bin, corresponding to latitudes of ∼55◦S, found north of the SAF,
characterized by the lowest concentrations of nitrate and silicate, warmest temperatures, and freshest waters.

3.2. Biogeochemical Fronts
The mean state and seasonal variability of the four ACC frontal zones is detailed in the previous sections. We
observe finer-scale spatial variability when we organize DPT observations by SSH zones (Figure 5). Average
surface property distributions across Drake Passage (54–64◦S) reflect the complexities of the coastal and ACC
dynamics here. In particular, we find multiple surface expressions of the biologically and biogeographically
relevant SF and NF, where silicate and nitrate exhibit sharp concentration gradients across physical ACC
fronts (i.e., temperature-salinity fronts), respectively (Figure 5).

Indeed, we find a marked meridional gradient in silicate, nitrate, temperature, and salinity at each of the
XBT-defined ACC fronts, with the magnitude of these gradients differing among properties and fronts
(Figure 5). North of the SAF, the characteristics of the CZ detailed in section 3.1.1 are captured by the
northernmost SSH zone (zone 1 at ∼55◦S; Figure 5), with its anomalously warm, fresh, and nutrient-poor
signature. The latitudes of SAF variability are captured in SSH zones 3 and 4; upon crossing the SAF, mean
surface temperature and salinity decrease and silicate and nitrate concentrations increase, marking the
northern expression of the NF. South of the SAF (SSH zones 5–7), silicate, nitrate, temperature, and salinity
remain relatively constant until upon crossing the PF (SSH zones 8–9), where property values change at an
even greater magnitude than associated with the SAF. Here we find the southern expression of the NF and
northern expression of the SF (nSF). While nitrate, temperature, and salinity exhibit little change between
the PF and SACCF, silicate concentration continues to steadily increase. Within the latitudes of SACCF
variability (SSH zones 14–16), salinity reverses its southward decline and increases toward the Antarctic
continent, concurrent with the largest N-S increase in silicate concentration, marking the southern expres-
sion of the SF (sSF). Here temperatures reach below 0 ◦C, and nitrate concentrations slightly increase toward
30 μmol/kg. We discuss these findings in light of the historical and more recent literature in section 4.

3.3. Below the Surface: Upper-Ocean Biogeochemistry in Drake Passage
3.3.1. Upper 500 m From SR01
Repeat full-depth hydrographic sections occur on annual-decadal time scales and can provide key insights
into the distribution of water mass properties and some necessary context for interpreting our characteriza-
tion of the surface ocean using the DPT. SR01 was occupied by the LMG in early autumn 2006 (left panel
of Figure 6) and again in early spring 2009 (right panel of Figure 6), providing a full-depth, high-resolution
snapshot of silicate and nitrate concentration, temperature, and salinity (upper 500 m shown in Figure 6;
see section 2.3).

In general, silicate and nitrate concentrations increase with increasing latitude and depth, reflecting
upwelling of nutrient-rich CDW but with notable differences by variable and by season (Figures 6a and 6b

FREEMAN ET AL. 4774



Journal of Geophysical Research: Oceans 10.1029/2019JC015052

Figure 6. Silicate (a,b), nitrate (c,d), potential temperature (e,f), and salinity (g,h) distributions in the upper ∼500 m
collected along SR01 (section 2.3) in Drake Passage in March 2006 (left column; a, c, e, and g) and September 2009
(right column; b, d, f, and h). Black contours are lines of constant potential density anomaly (𝜎𝛩), and black dots are
bottle locations. Along the top x axis, triangles indicate, from south to north, the March 2006 and September 2009
latitudinal location of the expendable bathythermograph-defined Southern Antarctic Circumpolar Current Front,
Polar Front, and Subantarctic Front. Color maps follow the guidelines of Thyng et al. (2016).

and 6c and 6d, respectively). Less macronutrients remain in the upper ocean at the end of the growing season
(March; left panel) relative to early spring (September; right panel). Yet more silicate remains in the upper
500 m south of the PF in March relative to nitrate (i.e., high silicate:nitrate at depth) due to the different
time scales of silica dissolution and organic matter remineralization (Broecker & Peng, 1982). The surface
expressions of the SF persist down to at least 500 m depth throughout the year, with the strongest lateral and
vertical silicate gradients observed in summer months. Indeed, surface heating and ice-free conditions in
summer create warm, stratified surface waters south of the PF (Figures 6e and 6g), conditions favorable for
diatom growth and productivity. Thus, the seasonal changes in nutrient cycling driven by local phytoplank-
ton communities and circulation result in distinct physical and biogeochemical zones in the upper 500 m of
the Drake Passage.
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Figure 7. North (a) and south (b) of the observed mean location of the expendable bathythermograph-defined Polar
Front (PF; 58.5◦ S), comparison of 2008–2012 monthly pCO2 concentration anomaly (annual mean removed), nitrate,
temperature, and salinity from Biogeochemical Southern Ocean State Estimate (B-SOSE) output (bold/solid; Verdy &
Mazloff, 2017) and Drake Passage Time-series (DPT) observations (light/dashed); data gaps in nitrate stem from a lack
of DPT nitrate observations in some months during 2008–2012. Total pCO2 concentration (bold/soft black; top panel) is
decomposed into its thermal (pCO2(T); bold/soft gold) and nonthermal (pCO2(nonT); bold/soft purple) components
according to equations (1) and (2) (Takahashi et al., 2002). Note that the x axes are ordered from August to July; gray
vertical shading denotes warm season (DJFMAM) months. B-SOSE is subsampled according to the DPT sampling
scheme along the most repeated line (map inset; section 2.6).

3.3.2. Representativeness of the DPT: Mixed Layer Properties From BGC-Argo Floats
How representative is the DPT of the surface mixed layer? Using temperature, salinity, and nitrate concen-
tration measured by BGC-Argo floats, we quantify the average property distribution and vertical structure
of the upper 500 m north and south of the PF in the Drake Passage (Table S2 and Figure 3). For a given vari-
able, regional mean differences are stark, further highlighting distinct physical and biogeochemical regimes
north and south of the PF (green and blue profiles, respectively; Figures 3e–3g). South of the PF, nitrate and
salinity have the same structure down to at least 100 m, with nitrate concentration increasing with increasing
salinity (increasing depth). North of the PF, nitrate and temperature have opposite vertical gradients down to
at least 500 m, with nitrate concentration increasing with decreasing temperature (increasing depth). Across
the Drake Passage, mean BGC-Argo MLD (± one standard deviation) increases from 50.7±31.5 north of the
PF to 62.7 ± 24.3 south of the PF. Note that this meridional MLD gradient contradicts the XBT-based gradi-
ent presented in Figures 4f and 8 and Table 1. We largely attribute these differences to a warm season bias
in the northern float profiles, due to a lack of wintertime profiles north of the PF (Table S2). Therefore, the
mean BGC-Argo MLD observed in northern Drake Passage is most representative of a summertime MLD
scenario and thus biased shallow.

Seasonal mean differences in nitrate, temperature, and salinity are most pronounced in the upper 100 m
south of the PF: Relative to the cold season (JJASON), the warm season (DJFMAM) is characterized by
a warmer, fresher, and lower nutrient surface layer (Figures 3e–3g). Indeed, 100 m marks the depth of
Antarctic Surface Water (also known as Winter Water), manifested as a sharp temperature minimum layer
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Figure 8. Schematic representation of the key physical and biogeochemical processes that set the seasonal variability
of the upper ocean of Drake Passage: westerly winds (filled circle inside open circle; Remote Sensing Systems, 2016),
historically defined physical Antarctic Circumpolar Current fronts and frontal zones, surface property distributions and
gradients (horizontal gray gradient bars, pointing/darkening in the direction of increasing value), sea surface height
(scalloped line; Archiving, Validation and Interpretation of Satellite Oceanographic), light availability (vertical blue
gradient; darker at depth), small (stars; e.g., coccolithophores) and large (oval discs; e.g., diatoms) phytoplankton,
wind-induced Ekman transport (horizontal, northward arrows; Munro, Lovenduski, Takahashi, et al., 2015), upwelling
(vertical, surface-ward arrows; Munro, Lovenduski, Takahashi, et al., 2015), and mixed layer depth (MLD; dashed line;
Stephenson et al., 2012). For illustrative purposes, size and weight of shapes and arrows are used to indicate the relative
differences in scalar properties between the warm season (DJFMAM; left) and the cold season (JJASON; right; e.g.,
larger, darker, or thicker illustrations imply a greater magnitude or strength). Fronts, zones, and mixed layer are labeled
as Subantarctic Front (SAF), Polar Front (PF), Southern Antarctic Circumpolar Current Front (SACCF), Subantarctic
Zone (SAZ), Polar Frontal Zone (PFZ), Antarctic Zone (AAZ), Southern Zone (SZ), and MLD.

in summer, acting to decouple surface temperature from the Upper CDW temperature below. This vertical
temperature inversion is also visible in Figure 6e.

We find that the discrete surface sampling scheme of the DPT robustly captures mixed layer properties. The
correlation of the upper 500 m of the water column with the surface (defined as the average of the upper 8 m)
varies by depth, property, region, and season (Figures 3b–3d). For our purposes, we deem a correlation strong
when the confidence interval exceeds |r| > 0.5. North of the PF, temperature and nitrate values remain
strongly correlated with the surface down to at least 500 m, while the strong correlation in salinity only per-
sists down to ∼200 m. In contrast, south of the PF, temperature, salinity, and nitrate values are only strongly
correlated within the mixed layer (<100 m) but decouple below the mixed layer. These results highlight
the known stratification of the region, as the PF marks the transition from a more temperature-dominated
northern regime to a more salinity-dominated southern regime (Pollard et al., 2002).

3.4. Observed Versus Modeled pCO2 and Its Drivers
Through a targeted analysis, we compare DPT observations to model output to demonstrate how observ-
ing and resolving the seasonality of nutrients can better position the biogeochemical modeling community
for resolving seasonal surface ocean pCO2 variability in models. In this targeted analysis, we employ
B-SOSE output and apply the same pCO2 decomposition method to this output and the DPT observations
(equations (1) and (2); section 2.6).

Observed surface ocean pCO2 reaches a maximum in winter and minimum in summer (top panels of
Figures 7a and 7b; Munro, Lovenduski, Stephens, et al., 2015; Takahashi et al., 2002). This typical Southern
Ocean pCO2 seasonal cycle is the net result of two opposing drivers. In summer, surface heating drives an
increase in surface ocean pCO2 through an increase in pCO2(T). In opposition, enhanced biological produc-
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tivity and the associated DIC drawdown drives a reduction in pCO2 through pCO2(nonT). In winter, increased
pCO2(nonT) is driven by vigorous wintertime mixing acting to increase DIC in the surface, while surface
cooling drives an opposing pCO2(T).

Overall, B-SOSE performs well, with notable seasonal biases. North of the PF (Figure 7a), B-SOSE under-
estimates both pCO2(T) and pCO2(nonT) in summer (DJF), when drawdown is too weak and heating is too
strong, translating to a high seasonal bias in total pCO2. South of the PF (Figure 7b), B-SOSE overestimates
total pCO2 in winter (JJA), driven by a high bias in pCO2(nonT) and marked by a premature peak in August.

Representing the thermal and nonthermal components, B-SOSE captures the dynamic range and seasonal
structure of temperature and nitrate across Drake Passage, respectively, with notable differences in salinity
in the south. Comparing the seasonality of these variables provides insight into the possible sources of bias
in pCO2 and its components. We demonstrate the utility of the DPT in exploring these biases in section 4.

4. Discussion
The length (>13 years) and frequency of sampling (5–8 times per year) of the DPT is unmatched by other
Southern Ocean observing networks (Figure 2 and section 4.1.2), representing the largest repository of
repeat wintertime biogeochemical observations in the ACC, particularly concurrent silicate, nitrate, and
phosphate observations. While the DPT has been extensively utilized for Southern Ocean carbon flux stud-
ies in recent years (e.g., Fay et al., 2018; Landschützer et al., 2015; Munro, Lovenduski, Stephens, et al.,
2015; Munro, Lovenduski, Takahashi, et al., 2015), this is the first study to use the DPT to fully characterize
macronutrients, particularly silicate and nitrate, on seasonal time scales and in the context of the physical
and biogeochemical fronts of the ACC. We also demonstrate the value and utility of DPT nutrients to inform
and improve the representation of the physical and biological processes driving Southern Ocean carbon
variability in biogeochemical models (sections 3.4 and 4.2).

The biogeochemical zones of the Southern Ocean have long been understood to be home to relatively
uniform property distributions (Deacon, 1982; Pollard et al., 2002), but this study highlights the smaller spa-
tiotemporal scale variations observed across frontal zones, particularly the differences in silicate and nitrate
availability and variability south of the PF. In the following sections, we present our conceptual understand-
ing of the physical and biogeochemical processes that determine the main seasonal patterns observed in the
upper ocean in Drake Passage using a schematic (section 4.1.1). We further detail the relationship between
silicate and nitrate, specifically, including a discussion on the decoupling of silicate and nitrate in the context
of biogeography and current observing systems (sections 4.1.1 and 4.1.2). Finally, we highlight the overall
value and utility of the DPT in the observational and modeling communities (sections 4.1.2 and 4.2).

4.1. Nutrient Distributions and Biogeochemical Fronts: Biological Versus Physical Drivers
of Variability

The Southern Ocean is an important site for deep water mass ventilation and transformation. The strong
westerly winds over ACC latitudes drive a surface divergence (i.e., the lower and upper overturning cells;
Marshall & Speer, 2012) via Ekman transport and subsequent upwelling. South of the PF, this upwelled CDW
is rich in macronutrients, particularly silicate, and old (i.e., natural) carbon, signatures of its long journey
from the other major ocean basins. This unique overturning circulation in the presence of biology sets up
the many physical and biogeochemical fronts of the ACC and the region's biogeography.

The Southern Ocean is considered a High-Nutrient Low-Chlorophyll region, largely due to a persis-
tent lack of iron and seasonal light limitation that weakens the efficiency of the biological pump (Boyd
et al., 2000). Despite this High-Nutrient Low-Chlorophyll status, the seasonal drawdown of nutrients
across Drake Passage suggests the presence of significant biological productivity (Figure 4). Indeed, from
north to south, the distribution of phytoplankton communities varies according to local bottom-up (the
physical-biogeochemical environment) and top-down controls (zooplankton grazing), where a mix of
smaller phytoplankton (e.g., calcifying coccolithophores) tends to flourish in the north and larger phyto-
plankton (e.g., silicifying diatoms) dominate in the south (Balch et al., 2016; Landry et al., 2002; Rubin, 2003;
Trull et al., 2018; Wright et al., 2010). This biogeography is largely determined by the availability of nutrients
(including iron) across frontal zones. The silicate-rich waters of the AAZ and SZ south of the PF support a
thriving diatom community (Figure 4; Petrou et al., 2016, and references therein; Balch et al., 2016; Nissen
et al., 2018; Trull et al., 2018). The seasonally silicate-limited waters observed north of the PF struggle to
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support high diatom productivity, but the availability of nitrate and phosphate is sufficient to support the
smaller phytoplankton communities that do not require silicate (Figures 4a and 4b). Light availability may
also play a role in determining biogeography across the ACC fronts since MLDs are significantly greater to
the north (particularly in the SAZ) than to the south (Table 1). Understanding controls on phytoplankton
composition is of critical importance since diatoms and coccolithophores are ubiquitous in this region and
play significant roles in marine carbon cycling, with the ability to alter surface ocean pCO2 through photo-
synthesis or calcification, recycle organic matter, and export carbon out of the surface through the ballasting
effects of their shells. For the purposes of this study, we focus on these two key groups to facilitate a broad
discussion of large-scale biogeography.
4.1.1. Summary of Observed Seasonal Patterns
During the warm season (DJFMAM; left panel of Figure 8), surface heating and the melting of land and
sea ice stratifies the water column (MLD shoals), stimulating phytoplankton growth and productivity in
the sunlit surface layer. South of the PF, macronutrients are plentiful and phytoplankton utilize available
nitrate and phosphate for photosynthesis and diatoms additionally use silicate for building their hard silica
shells. Under optimal conditions, diatoms take up silicate and nitrate at a 1:1 ratio (Ragueneau et al., 2000;
Smetacek, 1999), but Southern Ocean diatoms are not often under optimal conditions. Largely limited by
iron south of the PF and colimited by iron and silicate north of the PF (Nelson et al., 2001; Cortese & Ger-
sonde, 2008; Hoffmann et al., 2008), diatom silicate:nitrate depletion ratios are often more than three times
larger (Rubin, 2003; Takeda, 1998). The strength of the westerly winds is larger north of the PF relative to
the south, which drives a similar gradient in curl-driven upwelling and Ekman transport across the Drake
Passage (Munro, Lovenduski, Stephens, et al., 2015; Remote Sensing Systems, 2016). As recently upwelled
waters travel northward as part of the upper cell, silicate is preferentially drawn down over nitrate (and
P) by iron-stressed diatoms, effectively serving as the biophysical mechanism that sets up the SF at the PF
and therefore the low-Si and high-N signature of the PFZ and SAZ (Table 1 and Figures 5 and 8; Franck
et al., 2000; Leynaert et al., 2004; Takeda, 1998). The observed steepening of the sillicate-to-nitrate ratio from
north to south (Figure S1) is determined by the balance of these biological and physical processes including
utilization ratios, the abundance of diatoms, remineralization, and lateral and vertical transport.

Sea ice forms in the cold season (JJASON; right panel of Figure 8), with a maximum sea ice extent reaching
latitudes as far north as the mean SACCF (purple contour in Figure 1a), rejecting brine and driving vertical
exchange. Relatively stronger westerlies, Ekman transport, and upwelling drive strong surface cooling and
enhanced mixing (Remote Sensing Systems, 2016). Deeper mixed layers allow for more surface entrainment
of nutrients from below but at a time when sunlight is much reduced and biological productivity is low. The
degree to which physical processes in winter (i.e., vertical mixing and northward sea ice transport) determine
subsequent biological productivity in spring and summer is difficult to determine in this analysis.
4.1.2. Decoupling of Silicate and Nitrate and Implications for Observing Systems
The annual distribution and seasonal variation in silicate is clearly decoupled from that of nitrate south of
the PF (Table 1 and Figures 4, 5, and S1). This is an important distinction in terms of Southern Ocean bio-
geography as well as having important implications for how we currently observe the Southern Ocean and
interpret existing data. This study finds two surface expressions of the SF, with sharp gradients in silicate
concentration at both the PF and SACCF (nSF and sSF, respectively; Figure 8), with the nSF is roughly coin-
cident with the NF and may be the most important expression in terms of biogeography. As this is the first
study to define the sSF, future studies should investigate its biogeochemical significance, particularly the
degree to which these biogeochemical fronts are related to gradients in species composition/utilization ratios
versus physical processes. The results of this study suggest that macronutrient observations of nitrate alone
preclude the parsing of biological activity by key phytoplankton groups, and without concurrent nitrate and
silicate observations, we miss a great deal of information that describes the biological processes from the
dominant Southern Ocean phytoplankton group, the silicifiers. For example, a nitrate sensor is included
in the suite of biogeochemical sensors deployed on BGC-Argo floats, but the technology for a float-based
silicate sensor does not yet exist. While data from these floats have dramatically increased the number of
intraseasonal biogeochemical observations in the last few years, the lack of concurrent silicate observations
precludes the analysis of the influence of phytoplankton biogeography on carbonate chemistry variability.
The DPT is the only multiyear, intraseasonal time series of coordinated sampling across the ACC, particu-
larly of silicate and nitrate, that no other Southern Ocean observing platform currently provides. As a climate
record that includes winter months, the DPT can provide important validation of autonomous systems (e.g.,
nitrate sensors on BGC-Argo floats and gliders).
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4.2. Utility of the DPT as a Model Metric
The majority of models have pCO2 biases, and reducing these biases is an active area of research (see Jiang
et al., 2014; Mongwe et al., 2018). Recent studies demonstrate that models that accurately reproduce pCO2
on seasonal time scales are more skillful at capturing pCO2 variability on longer time scales and are therefore
important for climate change simulations (Gregor et al., 2018; Gruber et al., 2019). In order to diagnose these
model biases, validation studies have focused on examining the modeled versus observed pCO2 decomposi-
tion, comparing the seasonal cycles of total pCO2, pCO2(T), and pCO2(nonT) (demonstrated in section 3.4). In
doing so, the goal is to determine whether pCO2 biases are largely driven by biases in modeled temperature
and/or biology and mixing. Indeed, pCO2(T) reflects cooling in winter and warming in summer, resulting in
a winter-to-summer increase in pCO2. In contrast, pCO2(nonT) variability is dominated by seasonal variations
in DIC. Wintertime mixing and biological respiration increase DIC, and net biological uptake draws it back
down in summer, resulting in a winter-to-summer decrease in pCO2.

Seeking a more complete picture of the processes driving biases in B-SOSE pCO2 and its thermal and non-
thermal components, we compare the seasonal cycles of nitrate, temperature, and salinity as a first-order
validation (Figure 7 and section 3.4). The data assimilating nature of B-SOSE provides a more realistic repre-
sentation of the physical and biogeochemical state of the Southern Ocean to within model error. First-order
validation of pCO2(T) and pCO2(nonT) lies in B-SOSE's ability to resolve the seasonal cycles of temperature and
nitrate, respectively. In this targeted analysis, we find that B-SOSE is generally in good agreement with the
DPT, capturing the observed seasonality in nitrate, temperature, and pCO2(T), even resolving the observed
north-south gradient in nitrate concentration, a bias typically found in some forward models (Freeman et al.,
2018). These results suggest that pCO2 drivers other than temperature and those associated with nitrate
cycling in the model are biased. While dilution does not appear to affect nitrate, the wintertime salinity bias
south of the PF is suspect. We speculate that too much sea ice formation in B-SOSE, and therefore too much
brine rejection, drives a high salinity bias south of the PF in winter, likely influencing DIC and driving the
wintertime pCO2(nonT) bias. Indeed, Rosso et al. (2017) show the large effect of DIC dilution from sea ice
melt and precipitation at these southerly latitudes.

How does DIC vary seasonally in B-SOSE? What mechanisms could drive differences in DIC:nitrate? Future
work on fully diagnosing these biases and improving B-SOSE's representation of pCO2 can now begin with
investigating DIC. Quantifying the seasonal cycles of nitrate, temperature, and salinity in addition to per-
forming a pCO2 decomposition allowed us to make more inferences about the drivers of B-SOSE pCO2 biases
than a decomposition alone. Future work should also involve implementing silicate as an active tracer in
future B-SOSE estimates. Given that this study finds the distribution and variability of silicate and nitrate
to be notably different, particularly south of the PF, we could argue that nitrate variability provides an
incomplete picture of the biological drivers that might impact pCO2(nonT). Indeed, whether the addition of
silicate as a prognostic variable in B-SOSE would provide more insight into the effects of different biological
communities on pCO2 in Drake Passage is an open question (e.g., the ratio of coccolithophores and diatoms).

5. Conclusions
We quantify the mean state and seasonal variability of biogeochemical properties and associated fronts in the
Drake Passage (2004–2017) using the longest year-round biogeochemical ship-based data set in the Southern
Ocean. Using BGC-Argo floats in Drake Passage, we confirm the DPT's robust representation of the mixed
layer. South of the PF, silicate and nitrate are decoupled on seasonal to annual time scales, driven by a
combination of physical and biological processes, including the likely presence of iron-stressed diatoms.
We find two surface expressions of the SF, the nSF and sSF, associated with the latitudes of PF and SACCF
variability, respectively, with the nSF being the most important in terms of the biogeography of the region.
As this is the first study to define the sSF, future studies should investigate its biogeochemical significance,
such as its role in enhancing or inhibiting the cross-frontal exchange of silicate at these latitudes.

Through a targeted analysis, we demonstrate the utility of the DPT in enhancing current biogeochemical
model evaluation techniques. We compare the observed DPT seasonal cycles of surface-ocean pCO2, its ther-
mal and nonthermal components, temperature, salinity, and nitrate concentration to those estimated by
B-SOSE in Drake Passage. While B-SOSE skillfully resolves nitrate variations on seasonal time scales, biases
still persist in the nonthermal pCO2 component, and therefore total pCO2, most notably south of the PF
in winter months. These results suggest biases in B-SOSE DIC:nitrate, likely tied in part to a high winter-
time salinity bias driving dilution effects, and lay the groundwork for model improvements. To first order, a
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model that does not skillfully simulate observed seasonal nutrient cycling cannot hope to skillfully and accu-
rately simulate the observed seasonal pCO2 cycle; otherwise, that model is merely getting the right answer
for the wrong reason. As the biogeochemical modeling community continues to work toward constraining
estimates of the strength of the Southern Ocean carbon sink, the seasonal nutrient cycles presented here
can serve as a benchmark.
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